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ABSTRACT
Dispersal is one of the most important but least understood processes in plant ecology and evolutionary
biology. Dispersal of seeds maintains and establishes populations, and pollen and seed dispersal are
responsible for gene flow within and among populations. Traditional views of dispersal and gene flow assume models that are governed solely by geographic distance and do not account for variation in dispersal
vector behavior in response to heterogenous landscapes. Landscape genetics integrates population genetics with Geographic Information Systems (GIS) to evaluate the effects of landscape features on gene
flow patterns (effective dispersal). Surprisingly, relatively few landscape genetic studies have been conducted on plants. Plants present advantages because their populations are stationary, allowing more reliable estimates of the effects of landscape features on effective dispersal rates. On the other hand, plant
dispersal is intrinsically complex because it depends on the habitat preferences of the plant and its pollen
and seed dispersal vectors. We discuss strategies to assess the separate contributions of pollen and seed
movement to effective dispersal and to delineate the effects of plant habitat quality from those of landscape
features that affect vector behavior. Preliminary analyses of seed dispersal for three species indicate that
isolation by landscape resistance is a better predictor of the rates and patterns of dispersal than
geographic distance. Rates of effective dispersal are lower in areas of high plant habitat quality, which
may be due to the effects of the shape of the dispersal kernel or to movement behaviors of biotic vectors.
Landscape genetic studies in plants have the potential to provide novel insights into the process of gene
flow among populations and to improve our understanding of the behavior of biotic and abiotic dispersal
vectors in response to heterogeneous landscapes.
Keywords: effective dispersal, cpDNA, ResistanceGA, Circuitscape, geographic information systems (GIS),
ecological niche modeling (ENM)
Cruzan M.B. and Hendrickson E.C. (2020). Landscape Genetics of Plants: Challenges and Opportunities. Plant
Comm. 1, 100100.

INTRODUCTION
Dispersal is a keystone process that affects fundamental aspects
of the ecology and evolution of all organisms. For plants,
dispersal is critical for successful reproduction, maintenance of
populations, and shifts in geographic range in response to environmental change (Harper, 1977; Howe and Smallwood, 1982;
Nathan et al., 2008; Cruzan, 2018). Dispersal of seeds and
pollen has important consequences for the biodiversity,
conservation, and composition of plant communities
(Trakhtenbrot et al., 2005; Jongejans et al., 2008; Damschen
et al., 2014; Lohmus et al., 2014). The movement of pollen and
seeds contributes to gene flow within and among populations,
maintaining genetic variation within populations and enabling
the spread of beneficial mutations that confer adaptive
responses to environmental challenges (O’Connell et al., 2007;

Teplitsky et al., 2014; Chybicki and Oleksa, 2018; Cruzan, 2019;
Johnson et al., 2019). Seed dispersal also contributes to
demographic and metapopulation processes (Cain et al., 2000;
Howe and Miriti, 2004). Given the importance of dispersal for
plants, it is crucial to understand the ecological drivers that
affect the patterns of seed and pollen movement, as well as the
evolutionary consequences of differential rates of dispersal.
The sedentary life form of plants necessitates the exploitation of
biotic and abiotic vectors for the movement of seeds and pollen
(Holderegger et al., 2010). Effective means of dispersal were
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Figure 1. The Effects of Geographic Distance, Plant Habitat Quality, and Landscape
Features on Dispersal Kernels (Brown
Curves), the Behavior of Large Mammals
(Dispersal Vectors; Blue Curves), and the
Consequences for Patterns of Effective
Dispersal (Green Curves).
Bars across the bottom of each graph indicate
habitat quality. Green regions of the landscape
indicate high habitat quality, and yellow regions
indicate low quality.
(A) For dispersal within high-quality habitat, the
three curves are parallel such that effective
dispersal reflects the dispersal kernel.
(B) The movement of the vector and the dispersal
kernel are similar, but plants do not become established in areas of low habitat quality, and
effective dispersal declines to zero.
(C) The effective dispersal kernel recovers as
vectors move seeds to a separate area of highquality habitat.
(D) The presence of a river (blue region in the
habitat quality bar) reduces vector movement, and
consequently, there are lower rates of effective
dispersal in a habitat patch on the opposite side.

apparently important for the early success of flowering plants, as
their diversification paralleled the origin and diversification of
bees and frugivorous primates in the late Cretaceous and
frugivorous birds and bats in the Oligocene and Miocene
(Eriksson, 2016). The mechanisms that incentivize effective
transport of seeds and pollen often come at an energetic cost.
Selection has favored the offering of rewards such as nectar
and pollen to manipulate the behavior of pollinators for efficient
pollen transfer and the production of fleshy fruits that
encourage seed transport by birds and mammals. The potential
for seed movement by vectors has been improved by the
evolution of morphological modifications of spores, seeds, and
fruits that improve their buoyancy (for wind and water dispersal,
anemochory, and hydrochory, respectively), attachment to fur
and hooves (spines or hooks for ectozoochory), or attraction of
frugivorous birds and mammals (fleshy fruits for endozoochory).
On the other hand, the large majority of plants lack specific
seed and fruit characters and are considered to be gravity
dispersed (barochoric), although their seeds and fruits may be
subject to inadvertent secondary dispersal by biotic or abiotic
vectors (Harper, 1977; Cousens et al., 2008; Grasty et al.,
2020). Although mechanisms that improve the potential for
dispersal often require the expenditure of resources, this
investment is only a small fraction of the ambulatory energetic
costs that would be required if plants could transport their own
seeds and pollen over a similar diversity of directions and
distances (Bonte et al., 2012). Hence, the sedentary life form of
plants has significant benefits, as they have evolved to exploit
available means of seed and pollen conveyance with a minimal
energetic expense. Plants are the major beneficiaries of passive
transport by biotic and abiotic vectors and of their
coevolutionary relationships with biotic vectors.
Plants’ lack of direct participation in dispersal increases the difficulty of tracking the movement of their seeds and pollen. Once
seeds and pollen are removed from a plant, it is difficult to determine their fates for a variety of reasons. For one, pollen is al2

ways—and seeds are almost always—small enough to prevent
direct observation of their movements. Moreover, seeds and pollen are often transported by an array of biotic and abiotic vectors
whose complex behaviors affect the probability of pickup, the direction and distance of transport, and the probability of deposition at different distances from the source plant (Nathan and
Muller-Landau, 2000; Nathan et al., 2008). If the frequency of
movement to different distances can be measured, a
probability density function can be estimated (dispersal kernel;
Figure 1) and used in mathematical models to predict the
dispersal potential of seeds and pollen (Okubo and Levin, 1989;
Clark, 1998; Nathan et al., 2012). Dispersal kernels indicate the
probability of movement to different distances but do not
account for success or failure after arrival (Nathan et al., 2012;
Klein et al., 2013). Because receptive stigmas and suitable
habitats can be exceedingly small targets for dispersal, large
proportions of pollen and seeds arrive in locations that are
inhospitable for their germination and survival. The small
number that does succeed in fertilizing ovules (pollen) or
surviving in their new locations (seeds) constitutes the fraction
of the dispersal kernel that represents effective dispersal
(Auffret et al., 2017; Figure 1).
Ecologists have accumulated substantial amounts of information
on the dispersal of both seeds and pollen. For example, we know
a great deal about the movement of pollen by biotic vectors such
as birds and bumble bees through the estimation of pollen carryover curves based on dye particles and morphologically distinct
pollen deposited on stigmas after pollinator visits (Thomson
and Thomson, 1989; Cane and Love, 2019), but we know much
less about the patterns and distances of pollen movement by
wind (Friedman and Barrett, 2009). Estimates of seed dispersal
come from release experiments on natural or artificial winddispersed seeds (Augspurger, 1986; Damschen et al., 2014),
from sticky traps placed at different distances from isolated
plants or trees (Harper, 1977; Howe and Smallwood, 1982;
Nathan and Katul, 2005; Jones and Muller-Landau, 2008), and
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from the behaviors of their vectors (Tsoar et al., 2011; Cortes and
Uriarte, 2013). These approaches for dispersal quantification
have limitations, as they can be applied only under restrictive
circumstances and with certain types of vectors and
landscapes. For example, wind dispersal of seeds can be
accurately measured only for one individual at a time (sticky
trap experiments) or under artificial conditions (seed release
experiments). However, all of these methods of direct
observation chronically underestimate dispersal distance
because they do not detect long-distance dispersal (LDD) events
(Howe and Smallwood, 1982; Nathan, 2006). The
disproportionate importance of LDD is evident from
discrepancies between observed and predicted migration rates
of understory herbs and trees following the last glacial
maximum (Clark, 1998; Clark et al., 1998). Furthermore,
dispersal kernels estimated from the direct observation of
seeds, pollen, or movement of their vectors may provide
misleading information because they do not reflect the effects
of population density and other ecological conditions that
determine the success of migrant seeds and pollen (Cruzan,
1989; Steinitz et al., 2011; Jansen et al., 2014; Harder et al.,
2016; Sullivan et al., 2017).
The use of genetic markers to measure effective dispersal has advantages over direct observation because it provides valuable information on the patterns of seed and pollen movement that are
important for ecological, demographic, and evolutionary processes (Ouborg et al., 1999; Cain et al., 2000; Auffret et al.,
2017). One method for the estimation of effective dispersal is
based on levels of similarity in genetic composition among
populations. The use of genetic similarity (or distance) among
populations takes advantage of the fact that effective dispersal
results in gene flow that affects the genetic composition of
populations. Over smaller spatial scales, this method has the
advantage of integrating effective dispersal events that occurred
over recent history. However, at larger spatial scales, levels of
gene flow among populations may have the disadvantage of
reflecting effective dispersal over longer time frames that are
more important for evolutionary than for ecological processes
(Nathan et al., 2003). When populations are sampled at an
appropriate spatial scale, estimates of effective dispersal based
on genetic marker composition can provide substantial
information on ecological processes that influence patterns of
seed and pollen movement. Unlike dispersal kernels inferred
from observational data, which typically evaluate only the effect
of geographic distance, measures of effective dispersal based
on genetic marker similarity among populations can be
combined with geographic information systems (GIS) methods to
test a range of hypotheses about the effects of specific
landscape features on gene flow patterns (Manel et al., 2003;
McRae et al., 2008; Spear et al., 2010). The field of landscape
genetics (genomics) was developed to test specific hypotheses
about the influences of landscape features on the patterns of
effective dispersal. Landscape genetics has most often been
used to evaluate the movement patterns of animals (Storfer
et al., 2010; Rissler, 2016; Beninde et al., 2018; Dileo et al., 2018;
Cameron et al., 2019; Kunde et al., 2019; Lourenco et al., 2019;
Yadav et al., 2019), but more studies on plants are beginning to
emerge (e.g., Vandepitte et al., 2007; Arredondo et al., 2018;
Morente-López et al., 2018; Alvarado-Serrano et al., 2019;
Grasty et al., 2020).

The goal of this review is to describe applications of landscape
genetic approaches to the estimation of plant dispersal and to
evaluate the challenges and benefits of using plants in landscape
genetic studies. We focus on the ecological and evolutionary aspects of dispersal within a contemporary time frame. We explore
the advantages of using different types of genetic markers, genetic relatedness measures, geographic scales, plant life forms,
and sampling strategies for studies that evaluate the effects of
ecological features on patterns of effective dispersal. With the
prudent selection of study species, strategic sampling, and
advanced analysis methods, plants offer opportunities to evaluate a wide range of hypotheses about the effects of biotic and
abiotic behaviors on the patterns of gene flow and dispersal.

AN OVERVIEW OF LANDSCAPE
GENETICS
Our view of pollen and seed dispersal has been dominated by the
idea that most transports occur over short distances and that
movements become increasingly rare as the distance from the
source increases. The resulting dispersal kernel is expected to
be a smooth probability curve for deposition as a function of
geographic distance. Because it is assumed that effective
dispersal is directly related to the dispersal kernel, rates of
gene flow are also expected to decrease as distance increases,
a model referred to as isolation by distance (IBD; Wright, 1943;
Slatkin, 1993; Hutchison and Templeton, 1999; Jenkins et al.,
2010). Although there has been much discussion about the
shape of dispersal kernels (e.g., leptokurtic or more ‘‘fat tailed’’)
(Rogers et al., 2019), these models consider only geographic
distance as the primary driver of dispersal potential. They
effectively assume that the landscape is flat and
homogeneous and that vectors are well behaved within the
confines of the defined density function. In real landscapes,
geographic features and spatial variation in habitat quality can
have large influences on the behavior of biotic and abiotic
vectors. Dispersal kernels that consider only the effects of
distance may be adequate over local regions of continuous
habitat, but we expect that their predictive power will rapidly
erode over larger areas that include changes in topography and
vegetation and the presence of geographic features such as
streams, rivers, lakes, and various types of human-modified landscapes. Hence, consideration of the effects of heterogeneous
landscapes on the behavior of dispersal vectors is particularly
important for understanding patterns of dispersal over longer
distances.
The recognition that geographic features can inhibit the movement of organisms dates back to early biogeographers such as
Augustin-Pyramus de Candolle and Alfred Russell Wallace, who
noted that taxonomic discontinuities were often associated with
‘‘physical causes’’ (Crisci, 2001). Through the 1900s, most
evaluations of the effects of geographic features on movement
focused on species’ distributions and were conducted at large
scales using biogeographic studies of species’ distributions on
continents and islands (Cox and Moore, 2010; Schnitzler et al.,
2012; Echeverrı́a-Londoño et al., 2018). In particular, MacArthur
and Wilson’s (1967) Theory of Island Biogeography inspired a
number of studies that had a large influence on our
understanding of IBD and the effects of habitat fragmentation
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Box 1. Circuit Theory Tools for Estimating Landscape Resistance.

CIRCUITSCAPE
With the advent of circuit theory, it is possible to test hypotheses of isolation by resistance (IBR), which are more applicable to
complex landscapes than isolation by distance (IBD; Figure 2). The popularity of circuit theory in landscape genetics was largely
due to the publication of Circuitscape, a program that uses population locations and landscape features to estimate ‘‘resistance’’ to
dispersal and, consequently, gene flow for all possible paths across a landscape (McRae et al., 2008; Spear et al., 2010). Circuit
theory, more commonly used in electrical fields, operates around concepts of resistance, voltage, and current, where the voltage
and resistance determine the current across a circuit. When circuit theory is applied to a biological system, the increase in
landscape resistance—and reduction in conductance—restricts the movement of organisms in the current, decreasing gene flow
across the landscape (McRae and Beier, 2007; McRae et al., 2008). Circuitscape produces a population-pairwise matrix of
landscape resistance, which can be compared with genetic diversity matrices to ascertain which features determine gene flow.
Circuitscape and other similar programs (see commuteDistance; van Etten, 2017) have been widely utilized in animal and plant
migration studies (Pérez-Espona et al., 2012; Poor et al., 2012; Trumbo et al., 2013; Johnson et al., 2017), as they are easily
adaptable to a variety of ecosystems and require minimal input data. Circuitscape analysis requires known population locations
and spatially defined landscape features, which are often available through online databases.

ResistanceGA
The main limitation of early versions of circuit analysis was the requirement for a priori knowledge of the resistance values for each
landscape feature. For example, one might assume that wind-dispersed seeds travel shorter distances in a closed canopy than in
open areas, and a higher resistance value would therefore be assigned to forests than to grasslands. However, assigning resistance
values using this approach is arbitrary, based on a best guess or ‘‘expert opinion.’’ Consequently, the resistance values chosen can
bias the results and may reinforce preconceived notions of the effects of different features on dispersal (Shirk et al., 2010; Charney,
2012). Moreover, only one landscape layer could be evaluated at a time, making comparisons of different types of landscape
features difficult. A number of methods were proposed to optimize resistance values for individual landscape types (e.g., Peterman
et al., 2014; Khimoun et al., 2017), but these approaches suffered from limitations, as they would work with only one type of GIS
layer, either categorical (e.g., vegetation classifications) or continuous (e.g., environmental gradients). This problem was solved
when permutation methods were developed to optimize resistance values for both categorical and continuous landscape layers to
predict the patterns of genetic distance among sample locations (ResistanceGA; Peterman, 2018). ResistanceGA has been shown
to be superior to alternative methods for the optimization of landscape genetic models of dispersal (Peterman et al., 2019). Given its
advantages, ResistanceGA has quickly become the method of choice for the optimization of landscape genetic models.
ResistanceGA is an optimization program that addresses the researcher bias introduced in Circuitscape analyses during the
assignment of landscape feature values. Using population genetic diversity measurements, ResistanceGA iteratively optimizes
feature values in the context of known gene flow (Peterman, 2018). For example, if high gene flow is found in populations in natural
parks, ResistanceGA will assign a low resistance value to the natural park feature and a high resistance value to the urban/suburban
feature (See Figure 2). Analysis using ResistanceGA also allows for appropriate combinations of multiple features to quantify if more
than one aspect of the landscape is determining the patterns of genetic diversity. During model selection by ResistanceGA, IBD,
and null hypotheses are also considered. The program determines whether features are resistors or conduits, calculates their
optimized resistance values, and identifies features that contribute significantly to the patterns of genetic diversity.
on community composition and population sizes. Later, genetic
marker methods were used to conduct more refined studies of
biogeography in the field of phylogeography, which evaluated
genetic discontinuities within species to infer historical
distributions and patterns of range expansion (Avise et al.,
1987; Templeton, 2004; Hickerson et al., 2010). Because
population genetic models predicted higher rates of gene flow
among neighboring populations, it was widely assumed that
patterns of genetic differentiation within species generally
followed a model of isolation by geographic distance.
By the late 1990s, there was increasing awareness that IBD may
apply to only a limited set of circumstances (Whitlock and
McCauley, 1999) and that landscape features could have
substantial effects on gene flow patterns (Sork et al., 1999).
During this period, there was a growing interest in the effects of
spatial distribution (e.g., Cruzan, 2001; Diniz-Filho and De
Campos Telles, 2002) and landscape features (e.g., Young
et al., 1996; Kudoh and Whigham, 1997; Nason and Hamrick,
4

1997; Piertney et al., 1998; Keyghobadi et al., 1999; Castric
et al., 2001; Gram and Sork, 2001) on genetic variation
patterns. The idea that population genetics could be combined
with landscape ecology to provide a spatially explicit
framework in which to test hypotheses about the effects of
geographic features on the patterns of genetic differentiation
was first proposed by Manel et al. (2003), who termed this new
field ‘‘landscape genetics’’. Unfortunately, the earliest methods
available were limited to evaluating the effects of individual
geographic boundaries (Manel et al., 2007; Storfer et al., 2010).
With the introduction of circuit theory (McRae and Beier, 2007;
McRae et al., 2008; Box 1), the assessment of effective
dispersal models expanded to include isolation by resistance
(IBR) in addition to IBD.
The application of circuit theory to the studies of dispersal permits the testing of explicit hypotheses about the influence of landscape features on patterns of effective dispersal (Box 1). In this
approach, landscape layers that represent one or more features
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Figure 2. Patterns of Isolation by Resistance for a Network of Nature Parks (Left
Map; Dark Green) Distributed across an Urban/Suburban Landscape (Light Green Matrix), and Consequences for Isolation by
Resistance (Right Panel; Cool Colors =
High Resistance).
The circuit map was generated by Circuitscape
and assumes that only natural areas have low
resistance to dispersal. Circuit maps are used to
test the hypothesis that they predict dispersal
patterns by comparing them with genetic distance
matrices among sample locations.

are used to test the hypothesis that they predict patterns of
effective dispersal among populations (collection sites) by
comparing matrices of resistance distance with genetic
distance (Spear et al., 2010). These models typically include
geographic distance as well as resistance matrices based on a
number of landscape layers; they therefore specifically test
whether IBD or IBR is a better predictor of dispersal patterns.
Although early programs required researchers to decide on
resistance values for each landscape feature, ResistanceGA
uses permutation methods to optimize resistance values in
categorical landscapes (e.g., land-use classifications) and
resistance functions for landscapes variables with continuous
variation (e.g., elevation; Peterman, 2018). Genetic distance
matrices can be based on a variety of measures calculated
from nuclear or cytoplasmic genetic markers. This approach
permits robust tests of specific hypotheses about the influence
of landscape features on effective dispersal patterns.

ADVANTAGES OF USING PLANTS IN
LANDSCAPE GENETIC STUDIES
Only a minority of landscape genetic studies have been conducted on plants since the inception of the field in the late 1990s
(Storfer et al., 2010), and this trend has continued—especially
for studies that use optimized circuit theory methods (e.g.,
Arredondo et al., 2018; Alvarado-Serrano et al., 2019; Carvalho
et al., 2019; Grasty et al., 2020). This is surprising given that
plants offer many advantages for evaluating the effects of
specific types of landscape features on effective dispersal. First
and foremost is the fact that plant populations are stationary,
which permits a more accurate evaluation of the effects of
individual landscape types on rates of effective dispersal (see
below). Furthermore, the separate effects of seed and pollen
dispersal can often be determined by comparing the genetic
structure based on maternally inherited chloroplast DNA
(cpDNA) markers, which is determined by seed dispersal, and
the genetic structure based on nuclear markers, which is
determined by seed and pollen dispersal (Ennos, 1994;
Savolainen et al., 2007; Gerber et al., 2014). Although maternal
inheritance of chloroplasts predominates in the flowering plants

(Sears, 1980), there can be low levels of paternal inheritance
following crosses between divergent populations or species
(Cruzan et al., 1993; Ellis et al., 2008), and paternal inheritance
of chloroplasts is common in the conifers (Strauss et al., 1989).
Evaluating the separate effects of seed and pollen dispersal on
gene flow among populations can be important because
different dispersal vectors are responsible for pollen and seed
movement and are likely to have different responses to
landscape features. Although the slow rate of chloroplast
genome evolution has historically been an impediment to
population genetic studies that use cpDNA markers, this
situation has improved through the development of efficient
methods for whole chloroplast genome sampling and
genotyping (Kohrn et al., 2017; Grasty et al., 2020; Table 1).
Alternatively, nuclear DNA can be used to detect patterns of
effective dispersal in landscape genetics. Relative to the chloroplast, the nuclear genome is less conserved, increasing the level
of detectable genetic diversity and providing insights into
contemporary dispersal events. Because maternal and paternal
contributions are included in the offspring genotype, further delineation is required to identify the effects of pollen and seed
dispersal on levels and patterns of gene flow. This can be accomplished by comparing genetic differentiation estimates for maternally inherited markers (e.g., cpDNA) with those for biparentally
inherited markers (nuclear markers; Ennos, 1994; Liu et al.,
2015) or by conducting parentage analysis of seeds or
seedlings (e.g., Gerber et al., 2014; Browne et al., 2018; Melo
and Hale, 2019). Separation of parental contributions to gene
flow depends upon dispersal mode, as differences in the
behavior of dispersal vectors may result in asymmetric pollen
and seed dispersal kernels (Bacles et al., 2006; Garcia et al.,
2007). For example, many invertebrate pollinators have limited
foraging ranges and move pollen relatively short distances
(Thomson and Thomson, 1989; Osborne et al., 2008; Danner
et al., 2016), resulting in limited pollen-mediated gene flow. By
contrast, pollen-mediated gene flow can extend over much larger
distances in wind-pollinated species (Dutech et al., 2005; Wang
et al., 2012; Wei et al., 2013; Gerber et al., 2014). In pine
forests, coniferous pollen grains are equipped with air sacs that
facilitate LDD in wind currents (Williams, 2008). The dispersal of
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Sampled populations

Range area (km2)

Species

Family

Life form

Discovered haplotypes

Achyrachaena mollis

Asteraceae

Annual

46

610

13

Eriophyllum lanatum

Asteraceae

Perennial

27

2420

47

Lasthenia californica

Asteraceae

Annual

21

1.6

40

Plagiobothrys nothofulvus

Boraginaceae

Annual

32

1.6

16

Plectritis congesta

Caprifoliaceae

Annual

36

920

22

Ranunculus occidentalis

Ranunculaceae

Perennial

32

5350

18

Table 1. Chloroplast Haplotype Diversity within Species Based on Whole-Genome SNP Assays.
For each species, its life form, number of sampled populations, and size of the sampled region are shown. Because the chloroplast is highly conserved,
the rate of mutation and generation of novel haplotypes occurs over thousands of years, resulting in a lower number of discoverable haplotypes, even over
large sample areas. Haplotypes were discovered following methods described in Kohrn et al. (2017).

pine seeds is often limited because they are either barochoric or
have less effective wind dispersal (Benkman, 1995), and local
gene flow is therefore likely to be maternally derived (Latta
et al., 1998). Whether pollen dispersal occurs by biotic or
abiotic vectors, the process of gene flow among established
populations is sequential, such that nuclear genomes will be
moved first by pollen dispersal and then by the dispersal of
fertilized seeds. Consequently, total nuclear gene flow is due to
a combination of pollen and seed movement, whereas the gene
flow of maternally inherited chloroplast markers occurs solely
by seed dispersal.
Landscape genetic studies on plants also have the potential to
provide unique information on the behavior of their dispersal vectors. For biotic vectors, evaluation of the movement behavior of
animals is generally laborious, data can typically be collected
for only a few individuals, and the implementation of tracking
technologies is expensive (Nathan, 2008; Katzner and Arlettaz,
2020). Some animals, such as small insect pollinators, are too
small to accommodate tracking devices, and direct observation
is difficult over larger foraging distances. Similarly, it can be
difficult to determine the movement behavior of frugivorous
birds (endozoochory) and large mammals (ectozoochory and
secondary dispersal of barochoric species) if they travel over
large distances. Landscape genetic studies of plant effective
dispersal have the advantage of integrating the effects of large
numbers of animal movements over time, allowing for the
characterization of animals’ responses to specific geographic
features such as elevation changes, vegetation types,
waterways, and various types of human-modified landscapes.
Abiotic vectors, and wind in particular, are important for plant
dispersal, and landscape genetic studies can provide information
on the movement patterns of wind- and water-borne spores and
propagules (e.g., Wang et al., 2012; Wei et al., 2013; Tumas et al.,
2018). Dispersal by wind is notoriously difficult to measure across
geographic distances, as the source and destination of individual
particles are impossible to track (Nathan et al., 2002). Successful
dispersal by wind is subject to variables at both the local scale—
such as seed and maternal traits—and the meso and regional
scales, where effects of landscape features and meteorological
events on spore and seed movement are prevalent. Release
height and abscission force (Greene and Quesada, 2011; Treep
et al., 2018) from the maternal plant are known to influence the
dispersal kernels of anemochoric seeds, and specific
morphological attributes of seeds and pollen may affect particle
6

behavior in wind streams. For example, the presence of a
pappus on seeds (Nathan et al., 2008) or air bladders in pollen
(Di-Giovanni and Kevan, 1991) can change the buoyancy of the
particle while aloft. During the long-distance flight of particles,
landscape surface roughness influences wind fluid dynamics
and induces turbulent fluctuations in flow speed, which may
determine dispersal events (Bullock and Clarke, 2000; Bohrer
et al., 2008; Damschen et al., 2014). The incorporation of wind
data into landscape genetic analyses of wind-dispersed
species is a relatively novel approach. However, one study of a
wind-dispersed tree found that mean wind speed and direction
influenced spatial genetic structure through seed and pollen
dispersal (Wang et al., 2016), although another did not detect
effects of wind direction on genetic structure in a windpollinated species (Dutech et al., 2005). Landscape genetic
analyses can quantify the consequences of fluid behavior for
plant effective dispersal, which are challenging to predict.

DESIGN OF LANDSCAPE GENETIC
STUDIES
The goal of landscape genetics is to characterize the effects of individual types of geographic features on rates of effective
dispersal. Landscape genetics provides an interface between
the fields of population genetics and ecology, and it is therefore
important to prioritize ecological considerations in the design of
landscape genetic studies. In particular, the distribution of sample locations should be guided by an understanding of the
dispersal potential of the plant under study (i.e., the morphological characteristics of flowers, seeds, and fruits) relative to the
‘‘grain’’ of landscape features (i.e., the size of features in a
spatially variable landscape) that are likely to influence patterns
of effective dispersal. Sampling schemes should be developed
with some knowledge of the ecology of the plant and the behavioral characteristics of its likely dispersal vectors. It is also important to recognize that, for the large majority of species whose
fruits and seeds lack morphological characteristics that aid
dispersal (i.e., dispersal is barochoric), primary dispersal may
be limited by plant stature, although biotic and abiotic vectors
probably contribute to secondary dispersal over longer distances
(Harper, 1977; Cousens et al., 2008; Grasty et al., 2020).
In general, the size, life history, distribution, and dispersal ability
of the study organism should be considered when developing
sampling strategies (Anderson et al., 2010). For larger plants
such as trees—and for species whose fruit and seed
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and across fragments separated by low-quality habitat. Because
humans have modified landscapes across much of the globe,
landscape features that separate habitat fragments often include
different categories of land use (e.g., agricultural fields and urban
and suburban development). These and other features that result
from human activity, such as foot trails, roads, and highways,
may act as either barriers or conduits for dispersal. When sampling across regions that have been extensively modified,
choices for sample locations may be limited by the small number
of habitat fragments, and it may be difficult to locate large regions
of undisturbed, high-quality habitat. To the extent possible, sample sites should be chosen to evaluate single types of landscape
features either within continuous areas of suitable habitat or in
pairs of habitat fragments that are separated by a single, homogeneous landscape type (Figure 3).

Figure 3. Sampling Schemes for Landscape Genetics.
This example landscape is a mosaic of vegetation types: shrubs (green),
prairie (yellow), and swales/vernal pools (blue). Pairs of orange sample
points test for resistance within each type of vegetation, and pairs of
purple sample points test for resistance across a single contrasting habitat
type. The pairs of red sample points are not optimal because they integrate the effects of many vegetation types across the landscape. Vegetation map modified from Grasty et al. (2020).

morphology suggests that they are likely to have good dispersal
ability—the scale of analysis must be large enough to capture the
effects of the intervening landscape that separates sampling
locations, and the sampling region may therefore need to cover
tens to hundreds of hectares (e.g., Sork and Smouse, 2006;
Born et al., 2008). Conversely, landscape genetic studies of
small annuals and species with limited dispersal ability require
scaling down to adequately capture the effects of individual
landscape types (e.g., Grasty et al., 2020). If the study species
is common enough, then sample sites can be strategically
placed to evaluate the effects of a homogeneous stretch of
high-quality habitat or placed in habitat fragments that are separated by a single type of landscape (Figure 3). Over larger
distances, the effects of multiple landscape features may be
integrated, making it difficult to evaluate their independent
effects on effective dispersal (Anderson et al., 2010; Figures 3
and 4). Hence, the grain of habitat heterogeneity relative to the
dispersal ability of the study organism should be considered for
the development of sampling strategies that will provide
accurate estimates of the effects of individual landscape
features on patterns of effective dispersal (O’Connell et al., 2007).
Species’ distributions are generally aggregated but the scale of
aggregation varies widely from sparsely distributed populations
that occupy habitat fragments to continuously distributed individuals of the same species that cover tens to thousands of hectares. A complete understanding of dispersal potential requires
sampling locations that span areas within continuous habitat

At larger spatial scales, estimates of landscape resistance are
more likely to integrate multiple dispersal events across different
types of habitat. This is due to the fact that gene flow over long
distances is most likely to occur by a sequence of multiple
dispersal events within continuous habitat and between neighboring habitat fragments. Each dispersal event contributes to
local and regional patterns of genetic differentiation, and genetic
distance measures at larger spatial scales are more likely to
reflect ‘‘stepping-stone’’ processes across multiple habitat fragments (Figure 4). As the distance between sample sites
increases, the effects of gene flow on genetic similarity
decrease and genetic differentiation becomes governed
primarily by mutation and genetic drift. Hence, the spatial scale
evaluated reflects the temporal scale. Smaller scales are more
appropriate for landscape genetic analyses, as they provide
information on the effects of contemporary gene flow and
dispersal processes. By contrast, larger scales are more
appropriate for the study of differentiation patterns that result
from phylogeographic and coalescence processes (Avise et al.,
1987; Cruzan and Templeton, 2000; Knowles and Maddison,
2002; Wang, 2010). Sampling across larger regions may include
groups of populations with unique histories due to
differentiation in separate glacial refugia and historical migration
patterns, making it impractical to evaluate the effects of
contemporary dispersal processes on patterns of genetic
differentiation.
From the discussion above, it is clear that the design of landscape genetic studies depends on the life form, dispersal potential, and habitat preferences of the species under study, as well
as the questions being addressed. In general, the spatial scale
of sampling should be considered carefully to ensure that the
patterns of genetic differentiation among sample sites are primarily governed by contemporary dispersal rather than historical processes (Wang, 2010). As mentioned above, the stature,
life history, and dispersal ability of the study species should
be considered when deciding on an appropriate spatial scale.
To the extent possible, it is also desirable to choose sample
sites that are separated primarily by single types of landscape
features, to sample at multiple spatial scales, and to place
multiple samples within undisturbed habitat as well as among
habitat fragments. To provide the largest degree of sampling
flexibility, more common species should be chosen when
possible, and it is important to keep in mind that the
population genetic structure of plants with shorter generation
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Figure 4. Dispersal at Different Spatial
Scales.
Within contiguous high-quality habitat, we expect
rates of dispersal to generally follow a strongly
leptokurtic dispersal kernel that is based on the
movement behavior of primary and secondary
dispersal vectors. Dispersal resistance may be
higher within habitat fragments because many
dispersal events occur over short distances.
Dispersal between pairs of habitat fragments
separated by low-quality habitat may appear to
have lower resistance because effective dispersal
is higher at the tail of the dispersal kernel
(Figure 1C) and because there are higher rates of
wildlife vector movement between fragments. At
regional scales, effective dispersal rates become
multigenerational and follow a stepping-stone
model, as dispersal is more likely to occur
between pairs of neighboring habitat fragments.

times is more likely to be affected by contemporary processes.
If the purpose of the study is to measure the cumulative effects
of effective dispersal over a number of years, the use of circuit
theory analyses is appropriate. If the aim is to detect
contemporary dispersal events, other techniques, such as
parentage analyses, should be used. Finally, whether the
study focuses on pollen or seed dispersal will dictate the type
of genetic marker used to estimate genetic distances among
sites, but for the most informative studies, both nuclear and
cytoplasmic markers should be assayed.

EFFECTS OF HABITAT SUITABILITY AND
VECTOR BEHAVIOR
Dispersal within and among plant populations is determined by
habitat suitability, as well as the behavior of seed and pollen
dispersal vectors. If a seed is dispersed outside the habitat of
its parental plant, the probability of encountering high-quality
habitat sufficient for germination and seedling recruitment is
low (Rey and Alcántara, 2000), and the majority of dispersed
propagules will fail to establish in novel locations. Regardless
of dispersal distance, the establishment, reproductive
success, and fitness of plants may be contingent upon habitat
suitability; this dynamic has been observed for plant–soil
feedback loops (Sedlacek et al., 2014), temperature and
precipitation shifts (Bradley et al., 2016), and light availability
(Warren et al., 2012), among other conditions. Hence,
dispersal among populations is dependent upon the mosaic of
the plant’s suitable habitat and landscape-modified vector
movement patterns (Figure 1). An optimal design with which
to evaluate landscape effects on plant dispersal should
delineate features that influence habitat quality (destination
effects) and vector movement (path effects).
8

Movement in response to habitat quality has
been observed for some animal species,
such as butterflies, which typically migrate
quickly through low-quality habitat and
linger in regions of high-quality habitat
(Albert et al., 2015). If plants are dependent
upon animal pollination or zoochory, such
animal behavior can significantly influence gene flow. For
example, mild disturbances—such as firebreaks and logging
roads—have been shown to facilitate the movement of coyote,
rabbit, and other seed-dispersing mammals, and ultimately the
dispersal of seeds (Suárez-Esteban et al., 2013). Ungulate
behavior and range patterns are influenced by the presence of
wildlife corridors such as riparian areas, which can serve as
dispersal conduits, and by suburban development, which
presents a dispersal barrier (Kilpatrick and Spohr, 2000; Vellend
et al., 2003). Anemophilous plants may be influenced by
disparities in surface roughness (Biswas and Wagner, 2012),
such as those caused by tree canopies (Finnigan, 2000) and
high-density urbanization (Fernando et al., 2010), that influence
wind patterns. Although conscious choice is not involved in plant
movement across the landscape, measurements of effective
dispersal and landscape genetics analyses should consider
path effects due to dispersal vector behavior, as well as the
chance that transported seeds are deposited in suitable habitat.
Assessments of plant habitat quality, such as those generated by
ecological niche modeling (ENM) (Warren and Seifert, 2011), may
provide a method for separating the effects of destination from
those of vector behavior (path effects) on the patterns of
effective dispersal. ENM considers the distribution of
populations of a species and predicts the probability of
establishment across the landscape based on the
environmental conditions of known occurrences. To generate a
‘‘habitat quality’’ layer for GIS analysis, population location data
are analyzed in the context of landscape variables that may
influence the growth and survival of the plant species. Hence,
variables normally considered in ENM that might affect vector
behavior, such as land-use type classifications (e.g., urbanization, agricultural use), tree canopy coverage, elevation, hydraulic
features, and roads, are removed. Only variables that affect plant
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habitat suitability, such as soil (moisture content, composition,
pH) and climatic (mean annual and monthly temperature and precipitation) variables, are retained. Site-specific climate data interpolated from weather station records are available from databases such as WorldClim (Fick and Hijmans, 2017) and PRISM
(PRISM Climate Group, 2015). The scale of the analysis should
also be considered during ENM, as some environmental
variables may not change across shorter geographic distances.
Many types of climate data are appropriate only when
considering a large study range on the order of tens to
hundreds of kilometers. When considering niches at a fine
scale—on the order of less than 1 km—variables that influence
the microhabitat, such as soil variables and vegetation cover,
may be more appropriate for habitat quality assessments (e.g.,
Grasty et al., 2020).
ENM tools such as Maxent (Merow et al., 2013) combined with
model selection create a spatially defined habitat suitability
map (e.g., an ASCII raster file) that can be used in landscape
resistance analyses. Significant landscape features may predict
vector behavior in resistance models, whereas an ENM map
contains information on plant-specific requirements across the
landscape. Habitat quality has been associated with genetic
structure (Murphy et al., 2010; Sork et al., 2010), but it is rarely
incorporated into resistance analyses. By including an ENM
habitat quality map along with layers that may affect vector
behavior, we can quantify the individual contributions of plant
habitat quality and vector behavior to effective dispersal rates
(gene flow) across the geographic range of a plant species.
This approach effectively delineates the path from destination
effects and can provide a more thorough understanding of
dispersal processes across different landscape types.

A REVIEW OF PRELIMINARY RESULTS
At present, data are available from three plant landscape genetic
studies that attempt to delineate the effects of seed dispersal
vector behavior from those of suitable habitat distribution. In all
three studies, whole chloroplast genome capture was used prior
to Illumina sequencing, and the resulting SNP (single nucleotide
polymorphism) data were used to estimate network phylogenies
and haplotype frequencies using the methods described in Kohrn
et al. (2017); Table 1. All three study species were annuals,
maximizing the potential for detecting the effects of landscapes
modified by humans over the past 100 years on effective seed
dispersal patterns. The studies were conducted at two spatial
scales. Plagiobothrys nothofulvus (rusty popcorn flower) is a
small, gravity-dispersed annual species that was sampled at a
fine scale (10–300 m) across a mosaic of vernal pool, prairie,
and shrub vegetation types (Grasty et al., 2020; Figure 3). The
area sampled for this species did not show substantial
evidence of human disturbance or modification, and in this
case, plant density was used as an indicator of habitat
suitability. The sea blush (Plectritis congesta) is a gravitydispersed annual that was sampled at a larger scale (40 m to
20 km) in a region that consisted of a mosaic of natural and
human-modified landscapes (agricultural, natural, and urban
areas). The wind-dispersed species Achyrachaena mollis (soft
blow wives) was sampled across the same region as
P. congesta (see Supplemental Information). For the latter two

species, ENM was used to generate a GIS layer for habitat
quality.
In all three studies, there were effects of landscape layers on patterns of effective seed dispersal, and geographic distance was a
poor predictor of genetic similarity patterns among populations
(Table 2). Counterintuitively, a positive relationship between
habitat quality and dispersal resistance was found in all three
species: low-quality habitat appeared to act as a conduit for
gene flow, and regions of high habitat quality displayed
reduced rates of gene flow. There are two possible
explanations for this phenomenon. One explanation considers
the differences in the shapes of the dispersal kernel and the
distribution of effective dispersal (Figure 1A). The largest
proportion of dispersal events occur over short distances, and
in a continuous high-quality habitat, most offspring establish
close to their maternal parents, reducing the mean effective
dispersal distance. Dispersal across fragmented habitats, on
the other hand, generates a biased effective dispersal kernel
because intermediate distance dispersal events are absent
(Figure 1C). Plants are unlikely to grow on low-quality habitat,
and seeds may have to travel large distances to germinate in suitable habitat. Due to the nature of resistance model optimization,
low-quality habitat appears to be a conduit, as it connects populations of similar genetic composition. Because genetic methods
are only able to quantify effective dispersal among established
populations, landscape genetic models may be overestimating
dispersal rates across low-quality habitat.
An alternative explanation for the higher rates of effective
dispersal across low-quality habitat is the response of biotic
dispersal vectors to landscape features, particularly in cases
where low-quality habitat corresponds to the presence of
human-modified landscapes. For example, white-tailed deer
tend to move quickly along wildlife corridors but linger and
move in more random patterns within habitat fragments
(Kilpatrick and Spohr, 2000). This phenomenon has also been
observed in several butterfly and bird species, as mobile
organisms may disperse more rapidly through areas of less
suitable habitat due to a reduction in available resources
(Winker et al., 1995; Haddad and Tewksbury, 2005; Kuefler
et al., 2010). Because animals contribute to the seed dispersal
of a wide range of plant species, their behavior may increase
the rates of effective dispersal across regions of low-quality
habitat and increase the chances of seed deposition within
habitat fragments. Consequently, the rates of effective dispersal
are enhanced in regions where high-quality habitat has been fragmented by human land use.
High-quality habitat appeared to act as a barrier for all three species described above. This would be expected for the two barochoric species if there was significant secondary dispersal by
mammals. In the case of P. nothofulvus, which was studied at a
fine scale, voles and other small mammals that use rodent runways appeared to be responsible for the majority of longer distance dispersal events (Grasty et al., 2020). Because
P. congesta was studied at a meso scale, the higher effective
dispersal rates across low-quality habitat probably
reflect secondary dispersal and the movement patterns of deer
and elk, which are common in the Rogue River Valley where
this study was conducted. This hypothesis is supported by the
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Species

A. mollis

P. congesta

P. nothofulvus

1st significant feature

Habitat quality

Habitat quality

Vegetation type + plant density + vole
trails

Conduit or barrier on 1st feature
surface

Barriera

Barrierb

Conduit + barrier + conduit

1st feature marginal R2

0.1139

0.3307

0.1950

1st feature AICc

255.597

165.738

142.126

2nd significant feature

Elevation

Rivers

Plant density + vole trails

Conduit or barrier on 2nd feature
surface

Conduitc

Conduit

Barrier + conduit

2nd feature marginal R2

0.0988

0.0710

0.1170

2nd feature AICc
Distance marginal R2
Distance AICc

253.686
<0.01
250.974

162.557
0.0307
158.023

140.033
0.079
138.765

Table 2. Landscape Genetic Analyses for Three Species.
These results describe the two best models to explain genetic distance among populations and include geographic distance models as a comparison.
Model selection was conducted using the small-sample corrected Akaike Information Criterion (AICc). Achyrachaena mollis and Plectritis congesta were
sampled across a meso-scale range, whereas Plagiobothrys nothofulvus was sampled at a fine scale within a single prairie. Estimates of habitat quality
were calculated for A. mollis and P. congesta using the ecological niche modeling program, Maxent. ENM training layers included average annual precipitation, soil content (percentage of clay), maximum annual temperature, mean annual temperature, minimum annual temperature, and percentage of
soil moisture. Population occurrence data for ENM were concatenated using our own sampling sites and historical herbarium records. For P. nothofulvus,
plant density was used as the best estimate of habitat quality. Although analyses of all three species included interactions among layers, significant interactions among features were found only for P. nothofulvus.
a
Continuous variable best fit to an inverse-reverse Ricker function.
b
Continuous variable best fit to an inverse-reverse monomolecular function.
c
Continuous variable best fit to an inverse Ricker function.

identification of riparian areas (rivers) as conduits for the effective
dispersal of P. congesta (Table 2), a pattern consistent with the
movement behavior of ungulates (Kilpatrick and Spohr, 2000;
Vellend et al., 2003). It is less clear why A. mollis, which has
wind-dispersed seeds, should respond to higher quality habitat
as if it were a barrier. In this case, the effect of habitat on effective
dispersal was much weaker, and it may be that this reflects the
bias associated with effective dispersal compared with the
dispersal kernel, as discussed above. The seeds of A. mollis
are much larger than those of the other two species, and they
may have less secondary dispersal by biotic vectors. Based on
the results presented here, it appears that both effective dispersal
bias due to destination effects and biotic vector behavior in
response to landscape features may contribute to limited
dispersal distances within high-quality habitat fragments. Further
studies with other species may provide additional insights into
the effects of landscapes on the patterns and frequencies of LDD.

RECOMMENDATIONS AND FUTURE
DIRECTIONS
It is clear from the above discussion that plant landscape genetics studies have much to offer to address a wide range of
questions about processes of gene flow and ecological aspects
of dispersal and vector behavior. Although whole-genome assays
of chloroplasts can provide substantial numbers of haplotypes,
the utility of this marker may be limited because there is no
recombination, and it effectively acts as a single locus. Genetic
distance estimates among populations for haplotype data can
be made using parameters such as paired FST, which accounts
for haplotype frequencies, or paired NST, which accounts for
10

both frequencies and phylogenetic relatedness among haplotypes (Pons and Petit, 1996). A comparison of these two
genetic structure estimates provides information on the relative
importance of mutation-drift processes versus dispersal for the
determination of genetic differentiation among populations
across a study region.
Nuclear markers can provide information on larger numbers of
independently segregating genomic regions and consequently
provide much greater power for estimating genetic distance
than chloroplast assays. In general, one hundred variable
SNPs or at least eight variable microsatellite loci are adequate
to resolve genetic differentiation levels among populations
(Turakulov and Easteal, 2003; Arthofer et al., 2018). A wide
range of genetic distance measures based on nuclear markers
are available (see reviews by Shirk et al., 2017; Storfer et al.,
2018). The disadvantage of using only nuclear markers is that
the variation detected may reflect both pollen and seed
dispersal. Ideally, both nuclear and cytoplasmic markers
would be used to delineate the separate effects of pollen and
seed dispersal on patterns of gene flow. However, with the
exception of wind-pollinated and perhaps hawkmoth- (Sphingidae) and bat-pollinated species, genetic differentiation
measured by nuclear markers at the meso scale may provide
accurate estimates of effective seed dispersal processes
because most biotic pollinators forage over smaller areas and
may be unlikely to move among habitat fragments. A best
practice may be to use both maternally inherited cytoplasmic
and biparentally inherited nuclear markers when working at
scales where average effective dispersal distances are likely
to be similar for seeds and pollen. However, nuclear markers
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should be favored in cases where pollen dispersal is more likely
to be limited relative to seed dispersal.
The preliminary results described above indicate that including
a GIS layer that acts as an estimate of plant habitat quality
may be an effective means of separating path and destination
effects on patterns of effective dispersal. Habitat layer (or the
plant density layer in the case of P. nothofulvus) explained significant levels of variation in the genetic distance among sample
sites in two of the three studies. By using only variables that are
unlikely to affect vector behavior for niche modeling, it should
be possible to separate the effects of plant establishment and
reproduction from those of vector movement. With an adequate
number of plant occurrences, the layers generated using this
method will reflect habitat conditions independent of human
modifications, tree canopy cover, and other features that may
affect vector behavior.
Although the methods described above are intended to distinguish path and destination effects on the patterns of effective
dispersal, it is important to note that there can be overlap between plant and vector habitat suitability. This may be particularly
true in cases where the plant species is limited to habitat fragments in a matrix of human-modified landscapes, such as the
example described above for P. congesta and its probable ungulate seed dispersal vectors. On the other hand, some seed vectors such as frugivorous birds and bats may be less restricted
to fragments of natural vegetation and are able to move more
freely and to utilize food resources in urban landscapes (Tsoar
et al., 2011; Grafius et al., 2017). Similarly, insect pollinators
may be primarily limited to foraging in natural vegetation
fragments in agricultural regions, but many are known to utilize
ornamental plants in urban landscapes as food resources
(Harrison and Winfree, 2015). Understanding likely dispersal
vectors based on flower, seed, and fruit morphologies and
considering their possible responses to landscape features in
the study region will be important to inform robust sampling
designs for landscape genetic studies.
The combination of genome-wide SNP assays, GIS, and
ENM provides methods for generating unprecedented levels of
information on processes of gene flow and dispersal within and
among plant populations. Applications of the approaches
described above have the potential to inform studies of genetic
structure conducted across heterogeneous landscapes, and
studies of conservation ecology and genetics inform prudent
management decisions. These applications are particularly relevant as humans strive to mitigate the impacts of their activities
on the survival of populations and species. Landscape genetic
studies in plants can provide information on dispersal potential
across modified landscapes and identify particular situations
and species of plants and animals that are candidates for active
relocation and restoration efforts.
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